Abstract-The modularized equalizers use additional components among the modules in the long series-connected lithium-ion battery string. In these approaches, the overall systems are heavy, bulky, and high-priced. Furthermore, the losses related to additional components decrease the system efficiency. To avoid these problems, a modularized equalizer, which has no additional components among the modules, is required. This paper proposes a novel control scheme using the magnetizing energy of the multi-winding transformer for the module equalization. In this scheme, the high duty cycle is applied to the module where the voltage is higher than the reference voltage and the low duty cycle is applied to the module where the voltage is lower than the reference voltage. Due to the different duty cycle, more electric charges are transferred from high voltage module to the low voltage module during the turn-off switching interval. Using the proposed control scheme, the equalizer system does not suffer from the size, cost, and loss related to the modularization. The experimental results are provided to verify the effectiveness of the proposed modularized equalizer.
I. INTRODUCTION
Lithium-ion battery is currently considered to be one of the most popular types of rechargeable battery because it is the high energy density, no memory effect, and the very low self discharge when not in use. Therefore, the lithium-ion batteries have been widely used in many practical applications, such as electric vehicles (EVs), hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEV), electric scooters (ESs), and telecom energy systems.
However, a lithium-ion battery pack must incorporate many discrete lithium-ion battery cells connected in series to achieve the high power requirements. Since each cell connected in series has different characteristics in terms of chemical and electrical, the imbalance among lithium-ion battery cells should be generated by repeated charge and discharge process. These imbalance battery states severely decrease the energy storage capacity and battery lifetime. Furthermore, there may be battery explosion or fire in the worst case. Therefore, in order to prevent these problems, the equalization circuit must be necessary for a series-connected lithium-ion battery string.
Numerous equalization circuits and algorithms have been developed, such as the individual dc-dc converter [1]- [3] , the bidirectional dc-dc converter [4] - [6] , the switched capacitor [7] -[ 1 0], and the converter using the multi-winding transformer [11] - [16] . These equalizers have difficult problems generated in the long series-connected battery string. Since the equalizers [1]-[ 1 0] transfers the electric charges from the top cell to the bottom cell in phases, they have practical problems, such as the long equalization time, the high voltage stress of rectifier diodes, the imprecise equalization, and complexity of control. The converters using multi-winding transformer suffer from problems related to implementation of multi-winding in a single transformer.
The modularized equalization schemes were developed to overcome these problems in [17]- [ 19] . Since the long series connected lithium-ion battery string is divided into several modules, the modularized equalizers have many advantages, such as flexible equalizer design, easy implementation, low voltage stress for the devices, and high-speed equalization. However, due to the modularization, the components, which are active switches and transformers, were added to the equalization system. Therefore, the overall equalization system will definitely be heavy, bulky, and high-priced. Furthermore, the losses related to additional components decrease the system efficiency.
In this paper, we propose a novel modularized equalizer to overcome drawbacks of previous modularized equalizer. Instead of using additional components among modules, the proposed modularized equalizer utilizes the magnetizing energy of the multi-winding transformer for the equalization among modules. Therefore, the proposed equalizer system does not suffer from the size, cost, and loss related to the modularization. The proposed equalizer system operates for both cells and modules during one switching period. That is, the equalization among cells in the module is achieved by battery voltage differences during the turn-on switching interval and the equalization among modules is achieved by transformer reset during the turn-off switching interval. The basic principle of operation is analyzed and the control scheme is developed for the proposed modularized equalizer. The experimental results are provided to verify the effectiveness of the proposed modularized equalizer.
II. PROPOSED MODULARIZED EQUALIZER
A. System Configuration Fig. 1 shows the system configuration of the proposed modularized equalizer. The number of modules is M and each module includes N battery cells connected in series, where 978-1-4673-0954-7112/$31.00 ©2012 IEEE each battery cell connects an active power switch and a multi winding transformer. Each multi-winding transformer has the secondary side, where there is one diode to prevent saturation of the multi-winding transformer in each module. The main feature in the proposed modularized equalizer is that the secondary side of the multi-winding transformer in each module is connected to the battery string of another module. Due to the circuit configuration, the proposed modularized equalizer can exchange the magnetizing energy of the multi winding transformer to equalize module voltages. Since the proposed modularized equalizer does not use additional components for the modularization, it can be applied to the long series-connected battery string without increasing the size, cost, and loss related to the modularization. The system controller has M module controllers, where each module controller utilizes two module voltages to generate a duty cycle. Then, identical switching functions are applied to all active switches in the module.
B. Operation Mode Analysis
In order to simply the analysis for operation mode, the following assumptions are made. is higher than the battery module 2 voltage (VM2=V/i3+V/J4), the duty cycle dMf for module 1 is higher than the duty cycle dM2 for module 2. f) Battery cell voltages:
The steady-state operation of the proposed modularized equalizer includes four modes during one switching period Ts. The operating modes and theoretical waveforms are shown in Figs.2 and 3, respectively.
1) Mode 1 [ to, t] ]
: At to, four switches (S], Sb S3, and S4) are turned on simultaneously, and the voltage across the magnetizing inductance Lmn is the secondary side voltage VTSn of the transformer Tn. Thus, the magnetizing current iLmn can be expressed as follows:
The relationship between the magnetizing current iLmn and the
;;--tJ cell currents in can be expressed as follows:
Each module has two loops equations in the primary side of the transformer during model. These loop equations can be expressed as follows:
The battery cell 1 voltage Viii is higher than the battery cell 2 voltage Vm in the module 1 and the battery cell 3 voltage Vw is higher than the battery cell 4 voltage in the module 2. Therefore, the currents (if and i3) flow from the battery cell to the transformer and the currents (i2 and i4) flow from the transformer to the battery cell. This means that the electric charges in the battery cell 1 is transferred to the battery cell 2 in the module 1 and the electric charges in the battery cell 3 is transferred to the battery cell 4 in the module 2. The proposed modularized equalizer can achieve the equalization between battery cells in the module during the mode 1.
2) Mode 2 [ tJ, t2 ] : At t/, two switches (S3 and S4) in module 2 are turned off simultaneously. Since the magnetizing current iLm2 must flow continuously, the diode D2 in the secondary side is conducted in module 2. Then, the voltage V1J2 becomes zero because the diode D2 is ideal device. The magnetizing current iLm2 flows to the battery string of module 1 and can be expressed as follows:
During this mode, the electric charges in module 2 are transferred to module 1 and the electric charges in battery cell 1 are transferred to battery cell 2 in module 
i, Fig. 3 . Operating waveforms of the proposed equalizer.
-ul+ -Vm+ 1. Therefore, the proposed modularized equalizer can achieve the battery cells equalization and battery modules equalization simultaneously during the mode 2.
3) Mode 3 [ t2, t3 J : At t2, the magnetizing current iLm2 is zero. Therefore, the voltage VLM2 across the magnetizing inductance becomes zero. The electric charge in battery cell I is transferred to battery cell 2 in module I. Therefore, the proposed modularized equalizer can achieve the equalization between battery cells during the mode 3.
4) Mode 4 [ t3, t4 J : At t3, two switches (Sf and S2) in module 1 are turned off simultaneously. Since the magnetizing current iLmf must flow continuously, the diode DJ in the secondary side is conducted in module 1. Then, the magnetizing current iLmJ flows to the battery string of module 2 and can be expressed as follows:
The electric charges in module I are transferred to module 2. Therefore, the proposed modularized equalizer can achieve the equalization between modules during the mode 4. Since the duty cycle DMf for the module 1 is higher than the duty cycle DM2 for module 2, the transformer reset period (tTt4) in module 1 is longer than the transformer reset period (trt2) in module 2. Since the module 2, which has the less energy than module 1, receives more energy from module 1 during transformer reset period (tTt4) , the modular equalization can be achieved. At t4, the magnetizing current iLmJ is zero. Therefore, the voltage VLMJ across the magnetizing inductance becomes zero. From t4 to t5, there is no current flow in the proposed modularized equalizer. This means that equalizer operates at the discontinuous current mode (DCM). At t5, the operating mode goes to the mode 1 in the next switching period. Fig. 4 shows the overall control structure of the proposed modularized equalizer. Unlike the conventional equalizers measuring all battery cell voltages, the proposed modularized equalizer measures only the battery module voltages for the equalization control. In order to achieve equalization for both cells and modules, the proposed modularized equalizer turns onloff all switches in the module simultaneously. While all switches in the module are turned on, the proposed modularized equalizer automatically transfers electric charges from the high-voltage battery cells to the low-voltage battery cells. When all switches in the module are turned off simultaneously, the magnetizing current of the multi-winding transformer begins to flow into the battery string of another module. The magnetizing current flows until the transformer reset is finished.
C. Control/or the Proposed Modularized Equalizer
Since a high duty cycle generates more magnetizing energy than a low duty cycle, the equalization between modules can be achieved by duty cycle control. The average modular voltage Vm_aver is used as the reference modular voltage in the control strategy. In order to apply the high duty cycle to the module connected to the high-voltage battery string, the negative proportional gain is used in PI controller. Due to the negative feedback loop and the negative proportional gain, when the modular voltage is lower than the average modular voltage, the duty cycle will be set to zero. This means that the module connected to the low-voltage battery string does not operate. In order to overcome this problem, the lower limit is used to provide the minimum duty cycle to the module connected to the low-voltage battery string. On the other hand, the upper limit is used to operate the proposed modularized equalizer in DCM mode. The duty cycle dM] is applied to switches (S] and S2) in the module I and the duty cycle dM2 is applied to switches (S3 and S4) in the module 2.
III. EXPERIMENTAL RESULTS
In order to verify the theoretical operation and evaluate the performance of the proposed modularized equalizer, a complete modularized equalizer prototype was built and tested. Fig. 5 shows the test setup of the proposed modularized equalizer and associated instruments. It consisted of two modular equalizers, a DSP (TMS320F28335) board, a battery stack, and a DC power supply. Each modular equalizer includes three power MOSFETs, a diode, and a multi-winding transformer. The PWM controller limits the duty cycle to operate modularized equalizer at the DCM mode. The experimental conditions are summarized in Table I . Fig. 6 and 7 show experimental waveforms for the module I (Bl, B2, and B3) and the module 2 (B4, B5, and B6), respectively. Initial battery module voltages
All switches in each module are simultaneously turned on and off, as shown in Fig. 6 (a) and 7(a). Since the battery module voltage V M J is higher than the battery module voltage V M2. the duty cycle dMI of the gate signal is higher than duty cycle dM2 of the gate signal. Therefore, the diode D] current i[)] in module I is higher than the diode D2 current iD2 in module 2. This means that the more electric charges are transferred from the module 1 to the module 2 for the equalization between modules. During the turn-on switching interval, the cell currents (if, ib and i4) flow from the battery cell to the multi-winding transformer and the cell currents (iJ, i5, and in) flow from the multi-winding transformer to the battery cell. In module 1, the electric charges in the battery cell 1 and the battery cell 2 is transferred to the battery cell 3. On the other hand, in module 2, the electric charges in the battery cell 4 is transferred to the battery cell 5 and the battery cell 6. Fig. 8 shows the test results of charging with the proposed modularized equalizer. As shown in Fig. 8 (a) and 8(b), all battery cells are charged up to about 3.25V. Since each module consists of three battery cells, the battery modules in Fig.8(c) are charged up to about 9.75V. During charging the batteries, the equalization for both cells and modules is well performed by the proposed modularized equalizer.
IV. CONCLUSION
In this paper, a novel control scheme using the magnetizing energy of the multi-winding transformer has been presented for the module equalization. Depending on level of battery module voltages, different duty cycles are applied to each module. Using the proposed control scheme, additional components among the modules are not required for the modularization. Therefore, the proposed modularized equalizer can be applied to a very long series-connected lithium-ion battery string without increasing the size, cost, and loss related to additional components. The effectiveness of the proposed modularized equalizer was verified through experimental results. It is expected that the proposed control scheme can also be applied to other equalizers using the multi-winding transformer for the modularization. ,  ,  I  I  I  I  ,  ,  •  •  ,  ,  I  I  I  I  ,  ,  , 
